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Abstract  21 

The supply of oxygen-rich water to the oxygen minimum zones (OMZs) of the eastern 22 

North and South Pacific via zonal tropical currents is investigated using shipboard 23 

ADCP and hydrographic section data.  Near the equator, the Equatorial Undercurrent 24 

(EUC), Northern and Southern Subsurface Countercurrents (SCCs), and the Northern 25 

and Southern Intermediate Countercurrents (ICCs) all carry water that is oxygen-richer 26 

than adjacent westward flows, thereby providing a net oxygen supply to the eastern 27 

Pacific OMZs.  The synoptic velocity-weighted oxygen concentration difference 28 

between eastward and westward flows is typically 10-50 µmol kg-1.  Sub-thermocline 29 

zonal oxygen fluxes reflect decreasing oxygen concentrations of the EUC, the SCCs, and 30 

the ICCs as they flow eastward.  Approximately 30-year time-series in well-sampled 31 

regions of the equatorial Pacific show oxygen content decreasing as rapidly as -0.55 32 

µmol kg-1 per year in the major oxygen supply paths of the OMZs for a 200 to 700 m 33 

layer, and similar trends for a density layer spanning roughly these depths.  This finding 34 

is in gross agreement with climate models, which generally predict expanding OMZs. 35 

 36 

INDEX TERMS: 4231 Equatorial Oceanography, 4512 Currents, 4513 Decadal ocean 37 

variability, 4834 Hypoxic environment 38 

KEYWORDS: ocean circulation, water-mass spreading, tropical Pacific Ocean, oxygen 39 

minimum, oxygen time series 40 
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1. Introduction 41 

 42 

Oxygen is a very sensitive indicator of both physical and biological change in the ocean 43 

[Joos et al., 2003].  As a consequence, oxygen is a key parameter for better 44 

understanding the ocean’s role in climate [Keeling and Garcia, 2002].  Volumes of the 45 

interior ocean that are relatively poor in oxygen are often called oxygen minimum zones 46 

(OMZs).  There is no consensus on the oxygen threshold defining an OMZ. When 47 

oxygen concentrations drop below ~60 to 120 µmol kg-1 (hypoxic conditions) important 48 

mobile macroorganisms are stressed or die. 49 

 50 

Horizontally extensive OMZs exist in the eastern tropical Pacific, with the lowest 51 

dissolved oxygen values found from about 100 to 900 m [Karstensen et al., 2008].  The 52 

strength, vertical extent, and horizontal extent of these OMZs all decrease westwards 53 

(Figure 1).  OMZ cores are located at about 10°S and 10°N, separated by higher oxygen 54 

concentrations in the equatorial region (Figure 1b).  Areas with O2 < 1 µmol kg-1 are 55 

found at 300 to 500 m in parts of the eastern Pacific, well below the suboxic (O2 < 5 56 

µmol kg-1) threshold.  On the isopycnal σθ = 26.8 kg m-3 (350 to 450 m), large areas with 57 

O2 < 5 µmol kg-1 are centered at about 12–15°N in the eastern North Pacific and 5–12°S 58 

in the eastern South Pacific (Figure 2b).  Lowest oxygen concentrations south of the 59 

equator are found beneath the Peru Current off northern Peru and north of the equator 60 

beneath the eastern Pacific warm pool off the coast of SW Mexico [Fiedler and Talley, 61 

2006].  Similar OMZs exist in the eastern Atlantic, but they are not suboxic, having 62 

relatively high minimum dissolved oxygen concentration values: about 40 µmol kg-1 in 63 

the North Atlantic and 20 µmol kg-1 in the South Atlantic. 64 

 65 
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A prominent feature of ventilated thermocline models [Luyten et al., 1983] is the 66 

poleward deflection of streamlines toward the eastern boundary in the equatorward limbs 67 

of the subtropical gyres.  This pattern leaves unventilated tropical shadow zones 68 

extending westward from the eastern boundary between the equatorward edges of the 69 

subtropical gyres.  The predicted shadow zones roughly coincide with the tropical OMZs 70 

and with maxima in CFC-derived water age [Fine et al., 2001, their Figure 4].  Hence a 71 

direct supply of oxygen from the subtropical gyres to the OMZs is blocked, leaving 72 

eastward tropical currents as the most likely lateral advective sources of oxygen to the 73 

OMZs.  In the Atlantic, the North Equatorial Countercurrents and the North Equatorial 74 

Undercurrent have been identified as supplying relatively oxygen-rich water to the North 75 

Atlantic OMZ [Stramma et al., 2008a].  Here we assess which of the many zonal 76 

currents in the tropical Pacific may resupply the Pacific OMZs. 77 

 78 

Since the OMZs primarily lie below the pycnocline, we focus on eastward currents with 79 

sub-pycnocline expressions. However, the upper bounds of the OMZs do lie in the 80 

density range of the Subtropical Cells. These cells connect the subtropical subduction 81 

regions of both hemispheres to the eastern, equatorial upwelling regimes by equatorward 82 

thermocline and poleward surface flows, together with low-latitude eastward currents 83 

[Schott et al., 2004].  The most germane of these eastward currents are discussed below. 84 

 85 

The most prominent eastward current with a sub-pycnocline expression is the Equatorial 86 

Undercurrent (EUC; Figure 2), which flows eastward along the equator across the entire 87 

Pacific [Johnson et al., 2002] carrying relatively oxygen-rich water [Wyrtki and 88 

Kilonsky, 1984].  A westward Equatorial Intermediate Current (EIC) is often found 89 
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below the EUC in the western Pacific.  The Pacific subsurface countercurrents (SCCs, 90 

also known as Tsuchiya jets in the Pacific and as the North and South Equatorial 91 

Undercurrents in the Atlantic) [Tsuchiya, 1975] are narrow eastward currents that 92 

bracket the equator just below the equatorial thermocline. (The terms thermocline and 93 

pycnocline – or thermostad and pycnostad – are used interchangeably here, depending 94 

on historical context, since salinity plays a small role in stratifying the tropical Pacific.)  95 

Deeper, denser, and weaker than the EUC, the SCCs form the poleward boundaries of 96 

the 13°C equatorial thermostad discussed below.  The northern SCC (NSCC) and the 97 

southern SCC (SSCC), also referred to as the NSSCC and SSSCC [Kessler, 2006], start 98 

around 3° from the equator in the western Pacific, then gradually diverge and shoal to 99 

the east, with cores around 6° from the equator and 150 m below the surface by 110°W 100 

[Johnson and Moore, 1997; Rowe et al., 2000].  Another eastward current, the 101 

Secondary SSCC, is found poleward of the SSCC and extending to greater densities 102 

[Rowe et al., 2000].  No North Pacific counterpart to the Secondary SSCC has been 103 

identified.  Firing et al. [1998] described a westward South Equatorial Intermediate 104 

Current (SEIC) and a North Equatorial Intermediate Current (NEIC) centered around 105 

500 m and 3° from the equator.  Even deeper, denser, and weaker eastward current 106 

extrema (North and South Intermediate Countercurrents; SICC, NICC) are found at 107 

about 2° from the equator from 500 to 1500 m [Firing et al., 1998].  These intermediate 108 

countercurrents could also supply oxygen to the OMZs. 109 

 110 

The sources, variability, and fate of many of these currents remain unresolved.  For 111 

instance, there is evidence that part of the EUC flows southeast into the Peru 112 

Undercurrent and contributes to the coastal upwelling, but observations are sparse 113 

[Kessler, 2006, and references therein].  The Galapagos Islands at and just south of the 114 
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equator at 90-92°W are a topographic barrier for the EUC and for the westward-flowing 115 

South Equatorial Current (SEC) [Eden and Timmermann, 2004], complicating the 116 

currents in the eastern equatorial Pacific.  The density of the SCCs decreases 117 

substantially to the east, indicating some unknown combination of diapycnal flow and 118 

lateral exchange with westward recirculations [Rowe et al., 2000].  119 

 120 

South of the equator the surface-intensified South Equatorial Countercurrent is weak and 121 

found mainly in the western Pacific [e.g. Eldin, 1983] and distinct from the SSCC.  In 122 

contrast, north of the equator, the NSCC is connected to the North Equatorial 123 

Countercurrent (NECC).  A boundary between these two currents has been set at σθ = 124 

25.0 kg m-3 in the eastern Pacific [Hayes et al., 1983].  The NSCC and the SSCC cores 125 

lie within the neutral density range 26.2 < γn < 26.5 kg m-3 in the eastern Pacific [Rowe 126 

et al., 2000].  (Here we use σθ, which is close to γn in the region of interest; the depth of 127 

26.2 kg m-3 for these quantities is the same within a few meters, and for 26.5 kg m-3 σθ is 128 

deeper than γn by as much as 30 m.  Hence our analysis covers a slightly larger depth 129 

interval than that of Rowe et al. [2000]).  The climatological oxygen distribution on σθ = 130 

26.3 kg m-3 (about 150 to 300 m; Figure 2a), near the NSCC and SSCC cores, shows no 131 

enhanced values at the latitudes of the SCCs (3-6° from the equator).  The spatial 132 

smoothing and temporal averaging in the climatology may mask the narrow structure 133 

associated with the Pacific SCCs.  Similar plots in the Atlantic, however, (not shown) do 134 

contain a hint of oxygen-rich structure associated with the SCCs. 135 

 136 

The OMZ is influenced by several water masses.  The oxygen-rich surface waters lie 137 

atop the OMZ and contrast with it.  The Subtropical Underwater (STUW) carried 138 
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eastward into the upper OMZs by the EUC is also relatively oxygen-rich compared to 139 

the OMZ.  The 13°C Equatorial Water (13CW) [Montgomery and Stroup, 1962] and the 140 

South and North Pacific Eastern Subtropical Mode Water (SPESTMW, NPESTMW) 141 

[Hanawa and Talley, 2001; Wong and Johnson, 2003]) all move eastward in the deep 142 

EUC and SCC‘s, carrying oxygen-richer water to the OMZ.  The Antarctic Intermediate 143 

Water (AAIW), oxygen-richer than the North Pacific Intermediate Water (NPIW) 144 

[Wijffels et al.,1996] is also carried eastward in the deeper reaches of the SCC’s  and the 145 

ICC’s. 146 

 147 

Climate and biogeochemical models predict an overall decline in ocean dissolved 148 

oxygen concentrations and a consequent expansion of OMZs under global warming 149 

conditions [Matear and Hirst, 2003; Oschlies et al. 2008].  Only a few reports of multi-150 

decadal ocean oxygen changes have been made, however.  For example, declining 151 

oxygen concentrations have been observed in the interior waters of the eastern subarctic 152 

Pacific at Ocean Station Papa (50°N, 145°W) [Whitney et al., 2007] as well as for 153 

several subtropical areas in all oceans [Emerson et al., 2004; Table 1].  Long records of 154 

dissolved oxygen are sparser in the tropical Pacific than at higher latitudes.  Recently 155 

Stramma et al. [2008b] described declining oxygen concentrations in the low oxygen 156 

layers of all tropical oceans.  Here we investigate the supply routes of oxygen-rich water 157 

to the OMZs of the eastern North and South Pacific, estimate zonal sub-thermocline 158 

oxygen fluxes for the equatorial Pacific between 8°S and 8°N in isopycnal layers as well 159 

as for some of the currents that supply oxygen to the OMZs, and present oxygen time 160 

series for some equatorial areas with sampling sufficient to describe multi-decadal 161 

changes. 162 

 163 
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2. Instruments and Methods 164 

 165 

2.1. Hydrographic and shipboard ADCP data 166 

Shipboard hydrographic and current observations from meridional cross-equatorial 167 

sections occupied by the World Ocean Circulation Experiment (WOCE) and the 168 

Tropical Atmosphere-Ocean (TAO) project are used here to study zonal supply paths of 169 

oxygen-rich water to the OMZs in the Pacific.  The WOCE data include high-quality 170 

full-depth vertical profiles of temperature, salinity, and dissolved oxygen versus pressure 171 

from a CTD/O2 (Conductivity-Temperature-Depth-Oxygen) instrument calibrated by 172 

water sample analyses, upper water-column current data from a shipboard ADCP 173 

(Acoustic Doppler Current Profiler), and full water-column currents from a lowered 174 

ADCP in some locations [Firing et al., 1998].  The TAO project has maintained an array 175 

of approximately 70 moorings in the equatorial Pacific since the 1990s.  Maintenance 176 

operations have routinely included meridional sections with 1000-m CTD stations and 177 

shipboard ADCP data.  On a few of these TAO cruises, dissolved oxygen was measured 178 

as well.  Data from some of the TAO sections with oxygen measurements and shipboard 179 

ADCP measurements will be analyzed here. 180 

 181 

The westernmost TAO sections analyzed here, along 170°W, were occupied by NOAA 182 

Ship Ka’imimoana in July 2004 and June 2006.  Ka’imimoana sections including 183 

oxygen measurements along 140°W were occupied in September 2004 and January 184 

2006, and sections along 125°W were occupied later during the same cruises in 185 

September 2004 and January–February 2006. 186 

 187 
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We use a TAO section made in June–July 2004 along 155°W for oxygen flux 188 

computations. TAO sections with oxygen sampling were occupied along 110°W in 189 

October 2000, November 2003, April 2005 and April 2006.  These data contribute to 190 

time series constructed here and presented below.  In December 2007 and January 2008 191 

ADCP as well as CTD with oxygen samples were collected on a Ronald H. Brown cruise 192 

along 110–103°W and these data are used here for oxygen flux computations as well as 193 

for the time series.  In October–November 2003 a TAO section including oxygen 194 

sampling along 95°W was occupied on the NOAA Ship Ronald H. Brown from 12°N to 195 

8°S, but shipboard ADCP measurements reached only about 350 m.  TAO sections 196 

along 95°W from October 2000, April–May 2005 and April 2006 are also used below as 197 

part of an oxygen time series. 198 

  199 

A WOCE section, designated P19, was occupied on the R/V Knorr in February–April 200 

1993 with closely spaced full-depth stations across the equator from southern Chile to 201 

Guatemala.  The section runs along a nominal longitude of 88°W in the South Pacific, 202 

but shifts to 85°W in the equatorial Pacific [Tsuchiya and Talley, 1998].  The shipboard 203 

ADCP reached a maximum depth of 493 m. Lowered ADCP data were collected north 204 

of 5°S and are used here to extend the vertical range of shipboard ADCP data. 205 

 206 

2.2. Time series  207 

Oxygen time-series are limited by the sparseness of ocean oxygen measurements.  To 208 

construct oxygen time series in selected areas we used the HydroBase-2 programs and 209 

data set [Curry, 1996] including the quality-controlled historical hydrographic data base 210 

WOD05 [Boyer et al., 2006], and supplemented it with more recent data.  As older data 211 
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are sparse and their accuracy more questionable, we start the time series in 1975.  To 212 

extend the time series towards the present, areas where recent sections with oxygen 213 

measurements from the TAO project exist were selected.  The areas were centered on the 214 

TAO sections to minimize geographical bias.  Linear trends were fitted and 95% 215 

confidence intervals computed following Stramma et al. [2008b]. 216 

 217 

3. Results  218 

 219 

3.1. Zonal currents and the oxygen supply in the tropical Pacific 220 

There can be no net time-mean advection of oxygen by time mean currents across a 221 

time-mean closed surface of a chosen oxygen concentration (oxygen isosurface) 222 

bounding the OMZ.  However, since no synoptic hydrographic section is likely to follow 223 

all, or even much of such a surface (Figure 1), or capture time-mean conditions, there are 224 

oxygen transports across the sections analyzed here.  Along 170°W in July 2004, oxygen 225 

concentrations exceed 60 µmol kg-1 in the eastward-flowing EUC, SSCC and NSCC 226 

(Figure 3).  In this section the EUC, SSCC, NSCC, and NECC are all connected (not 227 

separated by westward flow).  Below 200 m, lower oxygen values are associated with 228 

the westward flow of the EIC and with bands of westward flow at 3–5°S and 4–6°N.  At 229 

this longitude σθ = 26.2 and 26.5 kg m-3, which roughly bound the SCC cores in the 230 

eastern Pacific, are separated by less than 50 m, except for a spreading to 80 m in the 231 

lower part of the EUC and the upper EIC.  The major zonal transports for 26.2 < σθ < 232 

26.5 kg m-3 are found within the secondary SSCC, the southern part of the EUC, and the 233 

NSCC (Figure 3b).  The velocity cores of the two SCCs are denser than σθ = 26.5 kg m-3 234 

in the central Pacific, and the SSCC carries oxygen-rich water eastward, as does the 235 

EUC in the upper ocean.  The NSCC caries oxygen-rich water in its upper layer, but 236 
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below 300 m the NSCC is partly influenced by an admixture of oxygen-poor water 237 

(likely from the north, given its low salinity signature). 238 

 239 

Further east, along 140°W in January 2006, the eastward-flowing EUC, SSCC, and 240 

NSCC are separated by strong westward-flowing branches of the SEC (Figure 4).  The 241 

thickness of  26.2 < σθ < 26.5 kg m-3 increases to more than 150 m, especially between 242 

4°S and 3°N.  Dissolved oxygen content along 140°W is lower compared to 155°W (the 243 

gray shading scale is identical for Figures 4 to 7, but different for Figure 3), with much 244 

lower oxygen in the westward flow between 2 and 4°S and north of 6°N.  The SCCs still 245 

have higher oxygen concentrations in their cores, but some admixture of oxygen-poor 246 

water from the neighbouring westward flow is obvious below the current cores.  The 247 

current cores at 140°W are located within 26.2 < σθ < 26.5 kg m-3, contrasting with 248 

170°W.  The NICC and especially the SICC carry relatively oxygen-rich water eastward 249 

at 400 to 600 m. 250 

 251 

Along 125°W in January–February 2006 (Figure 5), the NSCC is strong, as is the 252 

NECC, to which it is connected.  The NSCC core also carries relatively oxygen-rich 253 

water.  South of the equator, the SSCC is strongly influenced by the surrounding 254 

oxygen-poor water.  While the NICC is weak in this section, the SICC is well developed, 255 

carries relatively oxygen-rich water eastward, and hence is a deep provider of oxygen-256 

rich water to the OMZ.  The EIC is well developed in this section, centered at about 350 257 

m, and carries oxygen-poor water westward.  In contrast, in the nearly contemporaneous 258 

140°W section, the EIC is absent. The large changes in strength or even absence of the 259 

deeper currents like the EIC, SICC, and NICC from section to section shows that the 260 

variability of these currents is near their mean magnitude. 261 
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 262 

Along 95°W in November 2003 (Figure 6), the shipboard ADCP only measured currents 263 

in the upper 350 m. The well oxygenated surface layer is separated from the oxygen-264 

poor layers of the OMZ below near σθ = 25.6 kg m-3.  The EUC transports relatively 265 

oxygen-rich water eastward (Figure 6b).  The SEC branches found poleward of the EUC 266 

in both hemispheres recirculate this relatively oxygen-rich water from the EUC 267 

westward.  The SSCC at about 6°S is located in the OMZ, but its core at 250 to 350 dbar 268 

carries slightly oxygen-rich (but much poorer than the EUC and SEC(S)) waters 269 

eastward at 250 to 300 m.  The NSCC at 6°N separates the oxygen-richer water of the 270 

equatorial region from the oxygen-poor water to the north.  The two small westward 271 

current bands at 7 and 8°N just below the NECC carry oxygen-rich water, and hence 272 

might be transient recirculations of oxygen-enhanced equatorial water masses.  In the 273 

north a thick layer of oxygen-poor water is found under the Costa Rica Dome.  Near the 274 

equator the oxygen-poor layer covers only the depth range 300 to 500 m.  At 500 to 800 275 

m the oxygen content rises, apparently connected to the eastward flow near the equator 276 

and presumably the SICC and NICC measured at about 2°S and 3°N. 277 

 278 

The OMZs of the eastern South and North Pacific along 85°W were entirely sampled in 279 

March and April 1993 (Figure 7).  The southern limit of the South Pacific OMZ is near 280 

18°S.  The South Equatorial Current (SEC) and the Humboldt Current between 15 and 281 

10°S carry oxygen-poor water from the OMZ westwards.  The SCCs also carry 282 

relatively oxygen-poor water eastward, leaving the deep EUC as a major source of sub-283 

thermocline oxygen-rich water at this longitude.  Higher oxygen values are found in the 284 

SICC and NICC at about 2°S and 2°N near 500 m.  (The eastward flow on the equator 285 

from 200 to 400 m also has slightly elevated oxygen, but is mostly too dense to be 286 
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considered part of the EUC.)  North of 5°N very oxygen-poor waters span a wide depth 287 

range centered near 500 m, and the eastward component of the Costa Rica Dome (CRD) 288 

carries oxygen-poor water northeastwards. 289 

 290 

The mass transports and oxygen fluxes of the eastward near-equatorial currents are 291 

highly variable from one synoptic section to the next (Table 1); the variability is of the 292 

same magnitude as the mean currents.  Hence it is difficult to discern a clear zonal trend 293 

in either variable.  Nonetheless, there is a suggestion of a decrease to the east, 294 

particularly in the eastern part of the domain.  Dividing the mass transport by oxygen 295 

flux yields a transport-weighted oxygen concentration, and this quantity does decrease 296 

systematically from west to east, as expected from the climatological oxygen 297 

distribution. 298 

 299 

Oxygen concentrations of the net eastward and westward flows in the tropical Pacific 300 

between 8°S and 8°N for selected density layers (Figure 8) reveal several patterns 301 

despite the strong variability in the synoptic meridional cross-equatorial sections 302 

analyzed here.  Again as expected, these velocity-weighted oxygen concentrations 303 

generally decrease from west to east in all layers.  Except at 95°W, as discussed below, 304 

velocity weighted oxygen concentrations for the eastward flow are higher (by 2 to 51 305 

µmol kg-1) than those for westward currents in all the density layers.  Hence the eastward 306 

flows supply oxygen-richer waters to the OMZs while the westward flows remove 307 

oxygen-poorer water.  The concentration differences between eastward and westward 308 

flow generally decrease in magnitude with increasing density.  While some of the 309 

lightest layer is within the thermocline, and may intersect with only the top of the OMZ, 310 

the second lightest layer, which captures some of the SCCs, certainly feeds the OMZ, as 311 
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do the two densest layers.  The largest differences in velocity-weighted oxygen 312 

concentrations for eastward and westward flow are found at 140°W, near the edge of the 313 

OMZs, and they generally decrease from there eastward.  In the anomalous 95°W 314 

section westward flow is weak and concentrated on the SEC with relatively high oxygen 315 

(Figure 6), perhaps derived from the relatively oxygen-rich EUC, while the eastward 316 

flow shows lower oxygen concentration (Figure 8) owing to low oxygen concentrations 317 

in the SSCC and NSCC (see Figure 6). 318 

 319 

3.2. Oxygen time series 320 

To begin to address the difficult question of multi-decadal temporal variability of 321 

oxygen concentration near the equator, recent TAO section data are combined with 322 

historical data.  Since the tropical Pacific OMZs do not exhibit strong seasonality 323 

[Paulmier and Ruiz Pino, 2009], oxygen data are used here regardless of the season in 324 

which they are collected. 325 

 326 

Annual mean 200 to 700 m dissolved oxygen time series since 1975 are constructed for 327 

regions from 3°S to 3°N centered on four TAO longitudes.  A depth layer is chosen, 328 

rather than a density layer, to include any vertical expansion or other shifts of the OMZ.  329 

These regions cover the area of the major oxygen supply path for the eastern tropical 330 

Pacific OMZs.  All four selected areas show decreasing oxygen (Figure 9) over the last 331 

30 years.  Linear fits estimate trends of oxygen concentrations from -0.55 to -0.32 µmol 332 

kg-1 a-1.  Trends at 165–175°W, 105–115°W, and 90-100°W are significantly different 333 

from zero at 95% confidence (Table 2).  Time-series for larger geographical regions 334 

containing areas a) and c) of figure 9 [Stramma et al., 2008b] are noisier than those 335 

presented here, perhaps because they include data from larger areas, resulting in aliased 336 



15  

sampling of spatial variability (Figure 2). 337 

 338 

Temporal trends of dissolved oxygen time series for the density layer 26.2 < σθ < 27.18 339 

kg m-3 are similar to those for the 200-700 m layer (Table 2).  This density layer 340 

approximately spans 200 to 700 m in the equatorial Pacific (Table 2), but because 341 

isopycnals are not level, the correspondence cannot be exact.  For example, the mean 342 

density layer oxygen values are slightly lower than those for the depth layer at 165°-343 

175°W (Figure 9a), because on the western side of our investigation area σθ = 26.2 kg m-344 

3 is located at about 250 m depth, so here the density layer chosen excludes some the 345 

relative high oxygen values between 200 and around 250 m.  There are no obvious 346 

temporal trends of bounding isopycnal depths in any of the study areas.  The similarity 347 

between the oxygen trends for these depth and density layers reinforces the hypothesis of 348 

a loss of oxygen from the tropical thermocline. 349 

 350 

Variability on shorter time-scales or larger spatial scales may influence or alias the linear 351 

trends computed here.  The data do not resolve shorter time-scales well.  Nonetheless, in 352 

three out of four areas studied linear trends for the depth layer are statistically different 353 

from zero at 95% confidence.  Linear trends and their 95% confidence intervals were 354 

estimated using least squares procedures [e.g. Wunsch, 1996], and these trends account 355 

for 26 to 54% of the total variance (Table 2).  Degrees of freedom used to compute the 356 

confidence intervals were estimated using integral time-scales [e.g. von Storch and 357 

Zwiers, 1999].  One of the longest time series of oxygen, although far from the OMZ, 358 

has been maintained at Ocean Station Papa in the North Pacific at 50°N.  This 50-year 359 

time series shows the influence of both short-term (few year to bi-decadal) atmospheric 360 

or oceanic circulation oscillations and a persistent multi-decadal climate trend [Whitney 361 
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et al., 2007].  El Niños might influence oxygen concentrations in the tropical Pacific.  362 

During El Niño, equatorial Kelvin waves transit the eastern equatorial Pacific, deepening 363 

the thermocline, which in turn, potentially deepens and partially erodes the oxycline 364 

[Fuenzalida et al., 2009].  After 1975, strong El Niños occurred in 1982-83, 1991-92 365 

and 1997-98.  Within the limits of the sampling, there are no clear oxygen decreases 366 

associated with these years in the time series.  These considerations notwithstanding, 367 

there does appear to be evidence for a reduction of oxygen values in the zonal equatorial 368 

oxygen supply path for the Pacific OMZs. 369 

 370 

4. Discussion and Summary 371 

In the tropical Pacific all westward currents remove oxygen-poor water from the OMZs 372 

while the eastward zonal currents with a subthermocline expression supply oxygen-373 

richer water to the OMZs, including (from shallow to deep), the EUC, the SCCs, and the 374 

ICCs.  At the core layer of the SCCs (26.2 < σθ < 26.5 kg m-3; Table 1) the lower reaches 375 

of the EUC and the SCCs/NECC carry oxygen-rich 13CW eastwards (Figure 2a).  376 

Despite their large variability the NICC and SICC (Figure 2b) are major supply paths at 377 

intermediate depth in the Pacific carrying oxygen-rich AAIW eastward.  While the ICCs 378 

have lower oxygen fluxes than the SCCs, they have higher oxygen values in the Eastern 379 

Pacific.  In the far eastern (85°W) tropical Pacific, well within the OMZs, the SCCs 380 

carry relatively oxygen-poor water.   381 

 382 

These findings contrast with the eastern North Atlantic where the NEUC/NECC is a 383 

strong oxygen contributor to the OMZs even in the eastern reaches of the Atlantic 384 

[Stramma et al., 2008a].  Although the North Pacific OMZ is stronger than the South 385 

Pacific OMZ, the NSCC carries a higher oxygen load than the SSCC.  This difference 386 
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may be related to the higher volume transports in the NSCC compared to the SSCC 387 

[Rowe et al., 2000].  The eastward decrease in oxygen is well represented in the oxygen 388 

fluxes of the EUC, the SCCs, and the ICCs.  One reason for the weak oxygen values in 389 

the SCCs in the far eastern Pacific may be that the SCCs rise in depth and decrease in 390 

density from west to east, so only a fraction of the water in the eastern SCCs can have 391 

arrived directly following isopycnals from the west; meridional and diapycnal exchanges 392 

must be involved [Rowe et al., 2000].   393 

 394 

In a steady state ocean, the oxygen distribution at any given point is determined through 395 

an equilibrium between oxygen flux divergences and consumption (respiration) through 396 

biogeochemical processes [e.g. Wyrtki, 1962].  At higher latitudes most of the oxygen 397 

loss may be biologically mediated through links between heating and stratification 398 

[Keeling and Garcia, 2002].  However, the geographical location of the tropical Pacific 399 

OMZ appears to be determined to first order by patterns of upwelling, regions of general 400 

sluggish horizontal transport at the eastern boundaries, and to a lesser extent by regions 401 

with high productivity as indicated through ocean color data [Karstensen et al., 2008].  402 

With our relatively sparse data set it is not possible to determine whether biological or 403 

circulation changes cause the oxygen decrease in the equatorial area in the face of highly 404 

variable currents. 405 

 406 

While a complete or quantitative oxygen budget of the OMZs is beyond the scope of this 407 

investigation, it is interesting to put the synoptic oxygen fluxes for the EUC, the SCCs, 408 

and the ICCs presented here into a qualitative context by estimating the diffusive oxygen 409 

fluxes into the OMZs for comparison, and by assessing the bulk oxygen consumption 410 

rate implied by summing the (admittedly rough and incomplete) advective and diffusive 411 
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fluxes.  The mass transport estimated for the EUC, the SCCs and the ICCs (Table 1) at 412 

and west of 125°W is about 30 × 109 kg s-1.  If we assume that the mass flux of these 413 

eastward currents is returned by the adjacent westward currents, and that the typical 414 

oxygen concentration difference between eastward and westward flows is about 20 µmol 415 

kg-1 (Figure 8), we get a net oxygen flux of 0.6 × 106 mol s-1. 416 

 417 

We make rough estimates of the diffusive fluxes through the climatological 60 µmol kg-1
 418 

surface surrounding the tropical Pacific OMZ.  We first compute the gradients 419 

perpendicular to this surface, then apply a representative diapycnal diffusion coefficient 420 

of 1 × 10-5 m2 s-1 [Ledwell et al., 1998] to their vertical component, and a representative 421 

isopycnal diffusion coefficient of 500 m2 s-1 [Davis, 2005] to their lateral component. 422 

While Davis [2005] found a much larger value for the zonal component of lateral 423 

diffusivity near the equator, we use 500 m2 s-1, more characteristic of off-equatorial 424 

regions in his analysis, since using that larger equatorial value would arguably double-425 

count much of the fluxes estimated from synoptic zonal currents above.  Integrating 426 

these products over the surface area results in a vertical oxygen flux of 0.4 × 106 mol s-1, 427 

mostly through the top surface where the vertical gradients are large.  The lateral 428 

diffusive flux, similarly estimated, is 0.8 × 106 mol s-1, somewhat larger than either the 429 

zonal advective flux or the vertical diffusive flux.  430 

 431 

The mass of the tropical Pacific OMZs (water between 30°S and 30°N with oxygen 432 

concentrations < 60 µmol kg-1) is about 16 ×1018 kg.  Dividing the sum of the flux 433 

estimates made above by the OMZ mass gives an oxygen utilization rate (OUR) of about 434 

4 µmol kg-1 a-1. We are aware of no other OUR estimates specific to the OMZ, but this 435 

result compares favourably to 6.6 to 3.2 µmol kg-1 a-1, the range corresponding to 25.5 < 436 
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σθ < 26.6 kg m-3 inferred for the subtropical North Pacific [Sonnerup et al., 1999].  This 437 

exercise suggests zonal current oxygen fluxes as estimated here may make a significant 438 

contribution to the OMZ oxygen budget, along with vertical and lateral diffusive fluxes.  439 

Hence changes of these zonal fluxes could contribute to OMZ temporal and spatial 440 

variations. 441 

 442 

Multi-decadal oxygen time series are difficult to construct from the few observations 443 

available.  However, by combining historical equatorial oxygen measurements with 444 

recent TAO measurements, we find oxygen decreasing by roughly 0.5 µmol kg-1  a-1 over 445 

the last 30 years, averaged within 3 degrees of the Equator and east of the Dateline, and 446 

from 200-700 m as well as for a corresponding density layer.  The scatter is very large, 447 

however, and it remains to be seen whether the signal is decadal variability such as the 448 

slowdown and recent rebound of the subtropical cell in the upper Pacific Ocean 449 

[McPhaden and Zhang, 2004], or a longer-term climate change.  450 
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 562 

 563 

Figure 1. 3-D visualizations of the North and South Pacific eastern oxygen-minimum 564 

zones (OMZs) displaying a) the 60 µmol kg-1 oxygen isosurface with 50-m depth 565 

contours as white lines and b) vertical and horizontal slices with oxygen concentrations 566 

< 60 µmol kg-1 color shaded as indicated in the bottom color bar. Data base is the 567 

WOA05 1-degree mean climatology. 568 
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 569 

Figure 2. Eastern tropical Pacific distribution of mean dissolved oxygen on a) σθ = 26.3 570 

kg m-3, located at about 150 to 300 m and b) σθ = 26.8 kg m-3, located at about 350 to 571 

450 m. Contours are shown for 5 µmol kg-1, at 10 µmol kg-1 increments from 10 to 100 572 

µmol kg-1 and at 25 µmol kg-1 increments for values above 100 µmol kg-1.  WOA05 573 

mean climatology is plotted using Ocean Data View software [Schlitzer, 2007].  574 

Currents indicated for a) the near surface layers and b) the subpycnocline layers include 575 

the North Equatorial Current (NEC), the North Equatorial Countercurrent (NECC), the 576 

northern and main branches of the South Equatorial Current (SEC(N), SEC), the 577 

Equatorial Undercurrent (EUC), the Northern and Southern Subsurface Countercurrents 578 

(NSCC, SSCC), the South Equatorial Countercurrent (SECC), the North and South 579 
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Intermediate Currents (NICC, SICC), the Equatorial Intermediate Countercurrent (EIC), 580 

the North and South Equatorial Intermediate Currents (NEIC, SEIC)  as well as the 581 

secondary band of the SSCC (sec.SECC). These currents are not necessarily found 582 

exactly on the two isopycnals shown.  For their typical vertical locations see Figures 3 to 583 

7.  Schematic locations of 13°C Equatorial Water (13CW) and the South and North 584 

Pacific Eastern Subtropical Mode Water (SPESTMW, NPESTMW) are also indicated. 585 

The NEC and SEC carry NPESTMW and SPESTMW westward, while in the eastern 586 

shadow zones containing modified 13CW [Fiedler and Talley, 2006] not much  587 

exchange takes place. 588 

 589 
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 590 

Figure 3. a) Oxygen distribution (gray shading for 35 to 90 µmol kg-1), selected 591 

isopycnals (dashed lines), and ADCP-measured zonal velocity (black contours at 0.1 m 592 

s-1 intervals, positive eastward) along 170°W in July 2004.   The southern branch of the 593 

South Equatorial Current (SEC(S)), the Equatorial Undercurrent (EUC), the Southern 594 

and Northern Subsurface Countercurrent (SSCC, NSCC), the North Equatorial 595 

Countercurrent (NECC). and the North Equatorial Intermediate Current (NEIC) are 596 

indicated.  b) Transport in Sv/100 km for 26.2 < σθ < 26.5 kg m-3, gray shaded by the 597 

layer-mean oxygen concentration. 598 
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 599 

Figure 4. a) Oxygen distribution (gray shading for 0 to 55 µmol kg-1), selected 600 

isopycnals (dashed lines), and ADCP-measured zonal velocity (black contours at 0.1 m 601 

s-1 intervals, positive eastward) along 140°W in January 2006. Current markings follow 602 

Figure 3, adding the northern branch of the South Equatorial Current (SEC(N)) as well 603 

as, the South and North Intermediate Countercurrents (SICC, NICC).  b)  Transport in 604 

Sv/100 km for 26.2 < σθ < 26.5 kg m-3, gray shaded by the layer mean oxygen 605 

concentration. 606 
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 607 

Figure 5. a) Oxygen distribution (gray shading for 0 to 55 µmol kg-1), selected 608 

isopycnals (dashed lines), and ADCP-measured zonal velocity (black contours at 0.1 m 609 

s-1 intervals, positive eastward) along 125°W in January–February 2006. Current 610 

markings follow Figure 3.  b)  Transport in Sv/100 km for 26.2 < σθ < 26.5 kg m-3, gray 611 

shaded by the layer mean oxygen concentration. 612 



31  

 613 

Figure 6. a) Oxygen distribution (gray shading for 0 to 55 µmol kg-1), selected 614 

isopycnals (dashed lines), and ADCP-measured zonal velocity (black contours at 0.1 m 615 

s-1 intervals, positive eastward) along ~95°W in October–November 2003. Current 616 

markings follow Figure 3, adding the Costa Rica Dome (CRD).  b)  Transport in Sv/100 617 

km for 26.2 < σθ < 26.5 kg m-3, gray shaded by the layer mean oxygen concentration. 618 
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 619 

Figure 7. a) Oxygen distribution (gray shading for 0 to 55 µmol kg-1), selected 620 

isopycnals (dashed lines), and ADCP-measured zonal velocity (black contours at 0.1 m 621 

s-1 intervals, positive eastward) along ~85°W in March–April 1993. North of 5°S 622 

currents below 450 dbar are from the lowered ADCP. Current markings follow Figure 3, 623 

adding the Humboldt Current (HC), the Peru Chile Undercurrent as a continuation of the 624 

SSCC, the Peru-Chile Current (PCC), and the Costa Rica Dome (CRD).  b) Transport in 625 

Sv/100 km for 26.2 < σθ < 26.5 kg m-3, gray shaded by the layer mean oxygen 626 

concentration. 627 

 628 
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 629 

Figure 8. Eastward (solid lines) and westward (broken lines) oxygen concentration 630 

(oxygen flux divided by mass transport; flux/Tr in µmol kg-1) versus longitude for 631 

selected density layers between 8°S and 8°N, except 170°W: 8°S-6°N and 140°W: 7°S-632 

8°N for 25.6 < σθ < 26.2 kg m-3 (blue, circles), 26.2 < σθ < 26.5 kg m-3  (cyan, triangles), 633 

26.5 < σθ < 26.7 kg m-3 (orange, stars), and 26.7 < σθ < 26.9 kg m-3 (red, squares). 634 

Values at 95°W for 26.5 < σθ < 26.7 kg m-3 and at 85°W for 26.7 < σθ < 26.9 kg m-3 are 635 

incomplete as the ADCP did not sample the deepest portions of these layers over the 636 

entire section. 637 

 638 
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 639 

Figure 9. Time series of annual mean 200–700 m dissolved oxygen concentrations (x’s) 640 

since 1975 (in µmol kg-1) with linear fits (solid lines).  Trend values and their 95% 641 

confidence intervals from the fits are given in Table 2.  Areas analyzed are between 3°S 642 

and 3°N at a) 165 to 175°W, b) 135 to 145°W, c) 105 to 115°W, and d) 95 to 105°W.  In 643 

a) the time series for the isopycnal layer σθ=26.2-27.18 kg m-3 is included (+’s) with a 644 

linear fit (dashed line). 645 

 646 
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 647 

Table 1. Eastward mass transports (Tr in 109 kg s-1), oxygen fluxes (103 mol s-1) and 648 

oxygen concentration (oxygen flux divided by mass transport; flux/Tr in µmol kg-1) in a) 649 

the EUC for 26.2 < σθ < 26.5 kg m-3 between 2°S and 2°N,  b) the SSCC and the NSCC 650 

for σθ = 26.2 < σθ < 26.9 kg m-3 and c) the SICC and NICC from σθ =  26.7 kg m-3 to 600 651 

dbar. 652 

 653 

a) 654 

Section/time (mm/yy)   EUC-Tr   EUC-flux        flux/Tr 655 

170°W 07/04                    1.9          238.7                 125 656 

155°W 06-07/04               5.3         615.8                 116 657 

140°W 01/06                  15.6      1263.8                    81 658 

125°W 01-02/06              6.5         634.0                    97  659 

110°W 12/07-01/08       21.1       1287.4                   61 660 

95°W 10-11/03                1.4         136.3                   97  661 

85°W 03-04/93                3.4           97.0                   29 662 

_______________________________________________________________________ 663 

 664 

 665 

 666 

 667 
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b) 668 

Section/time (mm/yy) SSCC:  area   Tr    flux flux/Tr NSCC: area  Tr     flux     flux/Tr 669 

170°W 07/04                 8°S-2°S       9.6   951.4   99     2°N-5°N       8.9     792.6      89 670 

155°W 06-07/04           8°S-3°S        3.1   261.0   84     2°N-6°N      3.8      316.9      83 671 

140°W 01/06                8°S-4°S        9.1   434.3   48     3°N-7°N       8.9     496.5      56 672 

125°W 01-02/06           8°S-4°S        7.8   138.8   18     3°N-7°N       6.7     377.2      56 673 

110°W 12/07-01/08      8°S-3°S        9.0   206.9   23     3°N-8°N     12.7     390.5      31 674 

85°W 03-04/93           11°S-7°S*       3.0     17.1    6     2°N-6°N       0.8       18.6      23 675 

* shallow ADCP, lower boundary at σθ = 26.8 kg m-3. 676 

 677 

c) 678 

Section/time (mm/yy) SICC: area   Tr    flux   flux/Tr  NICC: area    Tr       flux    flux/Tr 679 

155°W 06-07/04          3°S-0°S      3.6    234.3    65      1°N-3°N      0.6       38.6       64 680 

140°W 01/06               3°S-0°S      5.0     250.2   50      0°N-3°N       8.1     349.4      43 681 

125°W 01-02/06         4°S-1°S       6.7     234.9   35      2°N-5°N      1.4       37.9      27 682 

110°W 12/07-01/08    3°S-0°S     11.2    388.7    35     0°N-4°N      17.1    458.1      27 683 

85°W 03-04/93           5°S-0°S      8.7     115.1    13      0°N-4°N       4.3      53.9      13 684 

 685 

 686 

 687 
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Table 2. Temporal oxygen trends (µmol kg-1 a-1) and their 95% confidence intervals 688 

from linear fits for a 200 to 700 m layer (Figure 9) with percentages of the total variance 689 

(var) accounted for by those linear trends and the degrees of freedom (dof) used in the 690 

uncertainty estimates.   The same parameters for an isopycnal layer, 26.2 < σθ < 27.18 kg 691 

m-3, that roughly spans the 200–700-m depth range. 692 

 693 

Area                                      200–700 m                                 26.2 < σθ < 27.18 kg m-3 694 

                                      trend confidence  var    dof          trend confidence var    dof           695 

3°S-3°N, 165-175°W       -0.38+/-0.30   43%     12.0          -0.40+/-0.26    43%   11.0 696 

3°S-3°N, 135-145°W       -0.55+/-0.88   26%       7.1          -0.46+/-0.79    20%     7.8 697 

3°S-3°N, 105-115°W      -0.49+/-0.24    54%     15.7          -0.52+/-0.31    56%   11.6 698 

3°S-3°N, 90-100°W        -0.32+/-0.22    42%     13.0          -0.21+/-0.28    22%     9.5 699 


